This paper reports a nano-opto-mechanical pressure sensor based on nano-scaled ring resonator. The pressure is measured through the output spectrum shift which is induced via mechanical deformation of the ring resonator. The sensitivity as high as 1.47 pm/kPa has been experimentally achieved which agrees with numerical prediction. Due to the strong variation of sensitivity with different ring radius and thickness of the diaphragm, the pressure sensor can be used to form an array structure to detect the pressure distribution in highly accurate measurement with lowcost advantages. The nano-opto-mechanical pressure sensor has potential applications such as shear stress displacement detection, pressure wave detector and pressure mapping etc.
Introduction
A pressure sensor is a transducer which transforms measured pressure to detectable electrical or optical signals which are often referred as electrical pressure sensor and optical pressure sensor, respectively. Electrical pressure sensors have been intensively studied due to their vast applications in mechanical, electrical and bio-medical engineering [1] [2] [3] . However, many effects were also found to be nontrivial to the performance of electrical pressure sensors. It is found that electrical devices and circuits were sensitive to almost everything such as light, temperature, pressure, electromagnetic (EM) field and humidity, etc [4, 5] . During the past thirty years, various ideas have been developed based on optical pressure sensors which have apparent merits such as immunity to electromagnetic interference (EMI), lightweight, small device scale, high sensitivity, and ease in signal transmission [6] . Most of the optical pressure sensors are based on either optical fibers [7, 8] , or Mach-Zehnder interferometer (MZI) [9] [10] [11] . However, optical fibers are difficult to be integrated by using standard silicon fabrication [12, 13] . MZI as well as other optical waveguide-based pressure sensors suffer from nonlinear output and difficulty in constructing sensors array. In recent research, optical pressure sensors have been miniaturized using microelectromechanical systems (MEMS). Optical MEMS pressure sensors have been fabricated using many different technologies such as piezoelectric quartz crystals, II-VI compound photoconductors and metal diaphragm [14] . Nano-opticalmechanical pressure sensors based on silicon wafer fabrication advance in mass production and low cost [15] , which definitely have great advantage in producing micro-scaled or even nano-scale pressure sensors. In this paper, a novel nano-opto-mechanical pressure sensor based on ring resonator structure [16, 17] is proposed to provide a reliable optical pressure sensor with high sensitivity, good linearity of the output, CMOS compatibility and ease in integration.
Design and theoretical analysis
The nano-opto-mechanical pressure sensor consists of a circular diaphragm, a ring resonator and a bus waveguide which is shown in Fig. 1(a) . The ring resonator is located on the center of the circular diaphragm which can be deformed by the pressure applied. The radius of the ring resonator can be changed because of the shear stress displacement in radius direction, as shown in Fig. 2 (a) and 2(b). The gap between the bus waveguide and the ring resonator is 200 nm as shown in Fig. 1(b) . The broadband signal light is input from one end of the bus waveguide and output from the other. The light is coupled to and resonant within the ring resonator when satisfied the resonance condition. The scattering loss of the ring resonator results in the transmission dips of the output spectra which are dominated by the radius r and effective refractive index n eff of the ring resonator. The ring radius change ∆r of the ring resonator induced by the shear stress is the sum of both the deformation of the diaphragm and the displacement of the ring resonator relative to the diaphragm, which are proportional to the cube of the diaphragm and ring resonator thickness, respectively [18] . Hence, the contribution of the displacement of the ring resonator to the change in the ring radius is made negligibly small by designing the diaphragm thickness to be 100 times larger than the height of the ring resonator, so that the radius change of the ring resonator ∆r equals to the shear stress displacement on the diaphragm where the ring resonator locates. Therefore, the shear stress induced by the pressure on the diaphragm can be monitored via the spectra shift of the output from the bus waveguide which can be used for the measurement of the pressure. The nanoopto-mechanical pressure sensor array, the integrated optical multiplexer and demultiplexer are shown in Fig. 1(c) . The pressure sensor array system can be used to measure the value, phase and direction of the pressure wave because of the difference in the radii of the pressure sensors. The bus waveguide is coupled to a line of rings with different radii which is monitored in real time by the shifting of their resonance frequency at each output port. Therefore, the pressure loaded in each sensor unit can be real-time detected. The phase and the wave front of the pressure wave can be detected by the time difference of the output signal from different sensor units which is detail discussed in [19] . 
Mechanical design
The radius change of the ring resonator ∆r is the function of the applied pressure P on the diaphragm which is dependent on the mechanical properties of the diaphragm. The ∆r has rotational symmetry with the z-direction axis at the center of the diaphragm which is circular. Here, a cylindrical coordinate system is setup with the origin at the center of the diaphragm, as shown in Fig. 3 (b), where ∆r = ∆r(ρ). The u and w refer to the deflections of the diaphragm in ρ-direction and z-direction, respectively. Therefore, the radius change of the ring resonator ∆r is equal to the change of deflection of the diaphragm in ρ-direction u which can be expressed as [18, 20] 
where γ is the constant of integration, P is the uniform pressure, D eq is the bending rigidity of the equivalent single-layer, ν i , h i , and E i are the Poisson's ratio, thickness and Young's modulus of i layer, respectively, i equate 1 or 2 in our design for SiO 2 layer or Si layer,
The deflection of the diaphragm in z-direction w is shown in Fig. 3 (a) when the pressure P is applied on the diaphragm of 60 kPa. The dashed, solid and dash-dotted lines represent the deflection of the diaphragm in z-direction w with diaphragm thickness h = 15 µm, h = 20 µm and h = 40 µm, respectively. The deflection of the diaphragm in z-direction w reaches the maximum 60.1 nm at origin when r = 0 µm and decrease to zero at the boundary of the diaphragm when the radius of the ring resonator r = 240 µm. However, the deflection in zdirection w is quite different from that of in ρ-direction u which is shown in Fig. 3(b) . The deflection of the diaphragm in ρ-direction u reaches the maximum 2.85 nm when r = r max = 137 µm and decreases to zero at the boundary and the center of the diaphragm.
The change of the ring radius ∆r as the function of applied pressure P is shown in Fig. 3 (c) and Fig. 3(d) at the different diaphragm thickness h and the initial ring radius r, respectively. The change of the ring radius ∆r is linearly proportional to the applied pressure when the applied pressure P is ranging from 0 kPa to 60 kPa. Therefore, the change of the ring radius ∆r can be expressed as 1 r C P ∆ = (2) where C 1 is the ratio of ∆r over P which shows the sensitivity of the ring radius change when the pressure is applied on the diaphragm. C 1 is inversely proportional to the diaphragm thickness which means thinner diaphragm is more sensitive to the pressure applied. Moreover, C 1 reaches the maximum when r = r max = 137 µm for the diaphragm with the radius of 240 µm. Here, C 1 = 0.027 nm/kPa, when h = 20 µm and r = 137 µm as shown in Fig. 3 (c) and Fig.  3(d) . 
Optical design
The relation between the output from the bus waveguide and the change of the ring radius ∆r is numerically analyzed for the calibration of the nano-opto-mechanical pressure sensor. Here, the pressure applied on the diaphragm is measured via the shift of the resonant wavelength ∆λ of the output spectrum. The sensitivity of the nano-opto-mechanical pressure sensor can be defined as the ratio ∆λ/P. Based on the coupling condition of the ring resonator and the bus waveguide, the resonant wavelength λ can be given by [21] 
Here, the transverse electric (TE) and the transverse magnetic (TM) mode is defined as the propagating mode with the electrical field parallel and perpendicular to the diaphragm plane, respectively. Only TE mode polarization exists in the ring resonator and the bus waveguide since the thickness of the waveguide is designed to be smaller than the cutoff width of TM mode. Therefore, n eff refers to the effective refractive index of TE mode only. The variation of n eff caused by the photo-elastic effect is approximately 10 −7 which has trivial effect, compared with the change of the ring radius, on the resonant wavelength shift ∆λ. As a result, the relationship between the resonant wavelength shift ∆λ and pressure P is obtained by 1 2 2 eff n C P C P m π λ ∆ = = (5) where C 2 = ∆λ/P is the sensitivity of the nano-opto-mechanical pressure sensor and m = 256. Figure 4(a) shows the sensitivity C 2 as the function of diaphragm thickness h. The sensitivity C 2 increases exponentially when the diaphragm thickness h is decreasing. When the diaphragm thickness h is 10 µm and the radius of the ring resonator r is 137 µm, the sensitivity C 2 is 5.85 pm/kPa as shown in Fig. 4(a) . Here, the diaphragm thickness h is chosen to be 20 µm regarding the fabrication limits. The sensitivity becomes maximum when r = r max = 137 µm at fixed diaphragm thickness h = 20 µm as shown in Fig. 4(b) . Therefore, the radius of the ring resonator is chosen to be 137 µm to achieve the maximum sensitivity.
Experimental results and discussions
The SEM images of the fabricated nano-opto-mechanical pressure sensor are shown in Fig. 5 . The nano-opto-mechanical ring resonator pressure sensor is fabricated on a standard siliconon-insulator (SOI) wafer with a silicon structure layer of 220 nm by using nano-photonic silicon fabrication processes. The thickness of silicon dioxide (SiO 2 ) layer and back side substrate are 2 µm and 720 µm, respectively. The bus waveguide and the ring resonator are patterned by the silicon structure layer using Reactive Ion Etching. Potassium hydroxide (KOH) wet etching is used to the backside etching of the diaphragm with thickness of 20 µm. For comparison, two different sets of parameters are used for the fabrication of the nano-optomechanical pressure sensors which are the radii of the ring resonator (r = 70 µm and 137 µm) and the thickness of the diaphragm (h = 20 µm and 40 µm). Figure 5(a) shows the overview of the pressure sensor with a footprint of 1.8 mm × 1.8 mm which is the same size as the etching window of backside open. Figure 5(b) shows the zoomed-in view of the coupling region between the bus waveguide and the ring resonator. The coupling gap is 200 nm. The bus waveguide and ring resonator have the same rectangular cross-section (450 nm × 220 nm). These nano-scaled structures are used to keep the singlemode propagation of the light. The nano-opto-mechanical pressure sensor is tested by using the fiber-to-chip alignment system (PS-1000, SURUGA SEIKI). The incident broadband source (Amplified Spontaneous Emission) has 8-mW output power over the spectrum ranging from 1570 nm to 1608 nm. The light is input from one end of the bus waveguide and monitored from the other end using an optical spectrum analyzer (AP2052A, Apex Technologies).
The output spectra of the nano-opto-mechanical pressure sensor with different pressures applied to the diaphragm is shown in Fig. 6(a) . Here, the diaphragm thickness and the ring resonator radius are 20 µm and 137 µm, respectively. The measured propagation loss of the waveguide is approximately 1.9 dB/cm. The resonance dip wavelength red shifts from 1602.560 nm to 1602.648 nm when the pressure on the diaphragm is increasing from 0 kPa to 60 kPa. The quality factor of the resonance peak is around 9.1 × 10 3 which is slightly broadened because of the deformation of the ring resonator and the bus waveguide induced by the pressure applied to the diaphragm. The background power loss is increased approximately 2 dB when the pressure is increased from 0 kPa to 60 kPa which is mainly due to the pressure induced bending loss of the bus waveguide. The background power loss does not put a cap on the maximum channel number of multiplexers since the bending of the ring resonators only affects the resonance wavelength. Figure 6(b) shows the resonant wavelength shift ∆λ versus pressure P measured from three different samples. The symbols and the lines represent the measured and simulated results, respectively. The solid, dotted and dashed line show the resonant wavelength shift ∆λ as the function of applied pressure P when r = 137 µm, h = 20 µm; r = 137 µm, h = 40 µm and r = 70 µm, h = 20 µm, respectively which shows a good linearity between the output of the pressure sensor and the measured pressure. The slopes of the lines C 2 = ∆λ/P is equal to the sensitivity of the nano-opto-mechanical pressure sensor. The C 2 is 1.47 × 10 −3 nm/kPa, when r is 137 µm, h is 20 µm which is at least 4-fold larger than that of the samples fabricated with the other two sets of parameters. The resolution of the nano-opto-mechanical pressure sensor is 1.36 kPa according to Fig. 6(b) . The hysteresis of the nano-opto-mechanical pressure sensor is measured when the pressure is raised up to 60 KPa and then fall back to 0 KPa as shown in Fig. 6(c) . The hysteresis uncertainty is measured to be less than 2% when the ring radius r = 137 µm and diaphragm thickness h = 20µm. The output of the pressure sensor is maintained at ± 1% after 4-hour testing which shows the self-induced temperature variation is trivial. 
Conclusions
In summary, a nano-opto-mechanical pressure sensor based on ring resonator is designed, fabricated and characterized for pressures ranging from 0 kPa to 60 kPa. The sensitivity and resolution of the pressure sensor is 1.47 pm/kPa and 1.36 KPa respectively. The device scale is approximately 1500 µm × 1500 µm and the output signal is linear to the loaded pressure.
As the strong variation of detecting frequencies with different ring radius, the pressure sensor array structure can detect the pressure waves and phase through integrated photonic circuit, which can be applied in portable acoustic targeting system and ultrasound shape detection system [22] . This work was supported by the Agency of Science, Technology and Research (A*STAR) with TSRP project (Grant No. SERC 102 165 0084).
